Methanol steam reforming was carried out over catalysts prepared from glassy Cu-Zr alloys containing a small amount of noble metals. The reforming activity increased when the alloys were treated at a temperature above the crystallization point, whereas the as-cast alloy did not have the same activity. The reforming activity of the heat treated alloys increased with the decreasing content of noble metals down to 1 at%. The DSC (differential scanning calorimetry) of the original alloys revealed that the activity was related to the range of the temperature interval between glass transition and crystallization as well as the heat of glass transition. The glassy Cu-Zr alloys with small amount of noble metals changed to fine copper particles supported on zirconium oxide by the heat treatment. The copper particle size of the treated alloys was related to the endothermic heat. These results indicated that the noble atoms were uniformly dispersed into the glassy Cu-Zr alloys at the glass transition temperature. Highly active reforming catalyst can be prepared from an glassy Cu-Zr alloys containing a small amount of noble metals.
Introduction
The steam reforming of methanol is one of the very attractive processes to produce hydrogen for fuel cells. Many investigations on the methanol steam reforming have been published using the group VIII metals 1, 2) or copper 3, 4) as a catalyst. The authors found that an excellent copper catalyst was prepared from a glassy alloy with a small amount of platinum or palladium. Glassy alloys, for example, the Pt-Zr or Pd-Zr alloy, have been known as a precursor of the hydrogenation catalyst of benzene and olefins. 7, 8) Although the alloys did not have any catalytic activity in the virgin state, the sequence of oxidation, reduction with hydrogen and hydrogenation changed the alloy into an active metal catalyst supported on zirconium oxide. 9) Especially the oxidation below the crystallization temperature was the most important process to prepare the active catalysts. The characterization of the oxidized alloy revealed that oxidation of the glassy alloy formed a mixture of zirconium oxide and noble metal oxide with a high surface area, the latter of which was converted to the metallic state by subsequent hydrogen treatment. As a result, the glassy Zr-noble metal alloys became a highly active catalysts consisting of the noble metal supported by zirconium oxide. On the other hand, the surface area of zirconium oxide prepared from the crystallized alloy was smaller than that from the glassy alloy, because the alloy did not change to fine zirconium oxide by the oxidation. 9) The methanol steam reforming catalyst prepared from a glassy Cu-Zr alloy and the alloy with a small amount of gold had the similar behavior to the hydrogenation catalyst prepared from the Pt-Zr or Pd-Zr alloy. 10) However, the methanol reforming activity of the copper catalyst prepared from the glassy Cu-Zr alloy with a small amount of Pt or Rh showed different behavior from the hydrogenation catalysts: the active methanol reforming catalyst was prepared by oxidation of the alloy above the crystallization point. Furthermore, the reforming activity increased with a decrease in the platinum or rhodium content.
11)
Saida et al. reported that an icosahedral quasicrystalline state was observed during the heat treatment of the amorphous Cu-Zr alloy in the glassy state. 12) These results suggest that the structural change by crystallization point should be responsible for the increase in the methanol reforming activity.
In the present study, the high methanol reforming activity of the catalyst prepared from glassy Cu-Zr alloys was investigated on the basis of the morphological and/or structural change at the glass transition temperature. At the same time, the steam reforming was carried out over glassy Cu-Zr alloys with a small amount of platinum or rhodium to elucidate the effect of the third metal addition on the reforming activity and hydrogen selectivity.
Experimental
Ternary Cu-Zr-Pt and Cu-Zr-Rh alloy ingots were prepared by arc melting of a mixture of pure Cu, Zr, Pt and Rh metals with a desired composition in a purified argon atmosphere. The schematic diagram of a single roller meltspinning technique for the amorphous alloy preparation has already been reported in a previous paper. 7) Ribbons of about 50 mm in thickness and about 1.5 mm in width were prepared by this technique. The composition and abbreviation of the glassy alloys are listed in Table 1 . The composition of the alloys is represented as atomic%.
Glassy state of an alloy was confirmed by its XRD pattern and differential scanning calorimetry (DSC). The heating rate of DSC measurement was set to 0.67 K/s. The broad peak, which is a feature of the glassy alloy was observed in the XRD pattern. The large exothermic heat evolved due to the change from the glassy state to the crystal state was also observed in DSC chart. The broad peak in the XRD and steep exothermic peak in DSC are features of the glassy state of alloys. Furthermore, the glassy state of the alloy was defined as the temperature interval (ÁT x ¼ T x À T g ) between the glass transition temperature (T g ) and crystallization temperature (T x ) in the DSC chart. The endothermic heat of the glass transition (ÁH g ) was also measured from the chart.
The glassy alloy ribbons were cut with scissors to the length of 1 mm and heated in a fixed-bed type quartz reactor at a specified temperature for 17 h in air. After the oxidation treatment, the specimen was reduced by hydrogen at a specified temperature of 573 K for 3 h. The methanol steam reforming was carried out in the same reactor at 573 K for 3 h. The composition of the feed vapor was CH 3 OH:H 2 O:N 2 = 1:1:4. The product gas was analyzed by two gas chromatographs with thermal conductive detectors. The methanol conversion was analyzed by the first gas chromatograph from the remaining methanol concentration. The selectivity for steam reforming was obtained by the second gas chromatograph from the carbon dioxide and carbon monoxide concentrations. After the reforming, the alloy was regenerated under the same conditions as the treatment of the fresh alloy. Therefore, the regeneration was repeated until a constant activity was observed since the surface state of the glassy alloy was changed by the sequence of oxidation, reduction and the steam reforming. In most cases, six regenerations were enough to obtain a constant activity. The exact catalytic activity was evaluated by the steam reforming rate constant.
The rate equation for methanol steam reforming is represented by eq. (1). The surface area was measured by the nitrogen adsorption method in which the BET equation was used for the calculation. XRD diffraction measurement was carried out to clarify the effects of the structure of catalyst on the steam reforming rate and the hydrogen selectivity. Since the alloy existed in hydrogen atmosphere in the methanol reforming, the copper oxide changed to metallic state. After the reforming reaction, the used specimen was cooled in nitrogen atmosphere at room temperature. The size of the microcrystallites of copper was calculated from the XRD pattern using Sherrer's equation.
Results and Discussion

Effect of oxidation temperature and noble metal
content on methanol reforming activity Figure 1 shows the effect of the oxidation temperature on the methanol steam reforming activity over glassy Cu-Zr alloys with different platinum contents. The methanol conversion over the alloys treated at 623 K, which is lower than the crystallization temperature, was lower than those treated at 973 K. This result implied that the catalysts prepared from the glassy Cu-Zr alloys with platinum have a higher heat resistance than a commercial reforming catalyst. It was reported that although the methanol steam reforming activity of a commercially obtained copper catalyst was high, the commercial catalyst was easily deactivated by heating above 623 K. The sintering of copper was responsible for the deactivation.
The products were hydrogen and carbon dioxide, but carbon monoxide was not observed in the gas chromatograph chart. The carbon monoxide content measured by a gas detector tube (GASTEC Co.Ltd., No. 1 L for carbon monoxide detector tube) was about 50 ppm. Similar results were obtained over glassy Cu-Zr alloys with rhodium. Figure 2 shows the effect of platinum content on the methanol conversion over glassy Cu-Zr alloys. The oxidation of alloys shown in Fig. 2 was carried out at 973 K. The conversion increases with decreasing platinum content. Furthermore, the behavior on the Cu-Zr-Pt catalysts was different from that on the Pt-Zr catalysts. The selectivity to carbon monoxide gradually increased with the platinum content. When the reforming was carried out over an amorphous Pt 20 Zr 80 alloy treated below the crystallization temperature, the main product was carbon monoxide.
Number of regeneration, /(-) Methanol conversion, /(%)
13) The hydrogenation activity of platinum in the catalyst prepared from the Pt-Zr alloy played an important role in preventing the reaction from carbon monoxide to carbon dioxide. On the other hand, when the methanol reforming was carried out over Cu 50 Zr 50 alloy, the selectivity to carbon monoxide was below 20 ppm. However, the reaction rate constant was about 1/10 of the constant over glassy Cu 50 Zr 50 alloy containing 3 at% of platinum (Cu50Pt3).
14) The addition of small amount of noble metals to Cu-Zr alloy was effective to increase the methanol steam reforming rate, whereas the selectivity to carbon monoxide remained lower than 100 ppm.
Characterization of amorphous alloy
The reforming activity of the glassy Cu-Zr-Pt alloys was dependent on the noble metal content and the copper content. In general, when the dispersion of an active metal does not change with the active metal content, the catalytic activity increased with the content of active metal. Since the copper is the metal responsible for the methanol steam reforming, the increase in the copper content in the amorphous alloy should increase the contact opportunity of copper atoms and reactants in the vapor phase. On the other hand, the methanol reforming activity increased with decreasing platinum content from 15 to 1 at% as shown in Fig. 2 . Table 2 shows the effect of platinum content on the rate constant over the Cu50 and Cu60 alloys containing platinum below 1 at%. The rate constant obtained from the low platinum content was not dependent on the platinum content. However, it is reported that the catalytic activity for Cu-Zr alloy without platinum was quite low.
14) It is difficult to explain the reason why the Cu-Zr alloy with the low platinum content has higher activity than the Cu-Zr alloy with high platinum content. It was considered that the difference in the catalytic activity between Cu50Pt5 and Cu50Pt1 could be ascribed to the difference in the structure of the glassy alloys.
When DSC measurement of a glassy Cu-Zr alloy was carried out from 500 to 1000 K at heating rate of 0.57 KÁs À1 , two peaks were observed. One was endothermic peak near 570 K assigned to glass transition of metallic glass (T g ). The other was exothermic peak near 590 K assigned to crystallization of the alloy (T x ). The supercooled liquid region (ÁT x ¼ T x À T g ) between the glass transition temperature and crystallization temperature and the endothermic heat of the glass transition (ÁH g ) were calculated from the DSC chart. Table 3 lists the relationship between ÁT x and ÁH g obtained for the Cu50Pt, Cu60Pt, Cu50Rh and Cu60Rh alloys. These results suggest that the ÁT x and ÁH g increase with the decreasing of noble metal content. Furthermore, ÁT x and ÁH g of rhodium containing alloys were larger than those of platinum containing alloys. Since both ÁT x and ÁH g in glass transition process show the stability of the glassy state, the alloys with rhodium were slightly stable than those with platinum at the glassy state. It is well known that a glassy state is more chaotic than the crystalline state. Since the endothermic heat was observed by heating of the glassy alloy, the glassy state after the heat treatment was more chaotic than that of the original alloys. In other words, the change in entropy for the glassy state is greater than that for the glassy state. As a result, the noble metals should be uniformly diffused into the copper and zirconium alloys.
Since the glassy state of the Cu-Zr alloy with noble metals was stable, the catalytic activity of the alloy treated below the crystallization temperature was very low as shown in Fig. 1 . Oxygen could not have penetrated into the glassy state of the alloy at the low temperature. Figure 3 shows the plots of the rate constant of steam reforming against ÁT x over the CuPt and CuRh catalysts. It has been reported that the methanol conversion decreased with time on stream due to the deposition of a coke on the catalyst surface, 10) the rate constant was averaged during 120 min of time on stream. The rate constant suddenly increases with ÁT x as shown in Fig. 3 . Figure 4 shows the rate constant against the microcrystalline size of copper (reflection index = 111) calculated by Sherrer's equation from the XRD chart. The rate constant decreases with the microcrystalline size of copper. This result indicates that the methanol steam reforming activity is strongly dependent upon the microcrystalline size of copper. Since the number of copper atoms exposed in the vapor phase of methanol increased with a decrease in the microcrystalline size of copper, the reaction rate defined as [molÁ (kgÁs) À1 ] increases with a decrease in the crystalline size. Figure 5 shows the relationship between copper dispersion and ÁT of the glassy alloy after 5 regenerations. The dispersion is defined as the ratio of copper atoms presented at a catalyst surface to total copper atoms in a glassy alloy. Since the dispersion of atomic copper particle was unity, the dispersion of the catalyst was calculated from the microcrystalline size obtained by XRD measurement. Although the data point was not covered for all alloys used in this study, the dispersion increased with the ÁT as shown in Fig. 5 . This result indicates that the addition of a small amount of noble metals in Cu-Zr glassy alloy was effective to increase the methanol steam reforming activity.
The steam reforming was carried out from 473 to 573 K to evaluate the rate constant over the Cu50Pt1 and Cu50Rh1 alloys. The rate constant for the Cu50Pt1 alloy was greater than that of the Cu50Rh1 alloy. The activation energy was calculated from the relationship between the rate constant and reaction temperature using the Arrhenius equation. The activation energies obtained for both alloys were 60 kJÁmol À1 . This result suggests that the reaction mechanism for the activation of methanol is the same over the two catalysts. The difference in the rate constant between these alloys should be responsible for the difference in the number of active sites available for the steam reforming.
When the glassy alloys were heated from room temperature to the crystallization temperature via chaotic glassy state, the noble metals were uniformly dispersed in the glassy Cu-Zr alloys in the chaotic glassy state. The copper and zirconium in the alloy changed to copper oxide and zirconium oxide, respectively during the oxidation of the alloy at temperatures higher than the crystallization temperature in air. Many cracks were found on the alloy surface due to difference in the density of the copper oxide and zirconium oxide. Since the cracks developed with the repetitions of the oxidation, the surface area measured by nitrogen adsorption increased with the repetitions up to six times. The small amount of noble metals played an important role in decreasing of the micro crystalline size of copper. On the other hand, since the endothermic peak was not observed for the binary Cu-Zr alloys and Cu-Zr alloy with large amount of noble metal (exceeded 5 at%), these alloys did not form the chaotic glassy state. The copper and zirconium remained in the agglomerated state in the glassy alloy. As a result, the surface area of the alloy did not increase with the oxidation of the glassy alloy. When the regeneration of Cu-Zr alloy catalysts by oxidation-reduction treatment was repeated at high temperature, and some of the copper atoms dispersed on the zirconium oxide could be agglomerated with adjacent copper atoms. The agglomeration resulted in a decreases in copper surface area. The steam reforming activity decreased with the agglomeration of copper atoms. When the glassy Cu-Zr alloy with a small amount of noble metal was regenerated by a similar procedure, the agglomeration of copper atoms would be prevented by the highly dispersed noble metals. Asami et al. found that when Cu 60 Zr 40 amorphous alloy was stored in air atmosphere at room temperature for 15 months, a sandwich structure of zirconium oxide and metallic copper was formed.
15) The amorphous Cu-Zr alloys used in this study should rapidly separate to copper layer and zirconium layer by the heating above the crystallization temperature. The addition of a minute amount of noble metals to the amorphous alloy should affect the final structure of the alloy. The further study should be needed to explain the effect of noble metal addition on the methanol steam reforming activity.
3.3 Discussion for the effect of noble metal addition on methanol steam reforming activity Generally, it is well known that a glassy alloy has a microstructure of short repetitions of metal atoms. A broad peak assigned to specific metal-metal composition is observed in the XRD pattern of an amorphous alloy.
9) It is reported that when a glassy alloy was heated to the supercooling temperature range, a complicated nano-scale, quasi-crystal structure appeared on the surface of the amorphous alloy.
12) Quasi-crystals and multi-hedral quasicrystallites were not observed for the alloys in the present study. However, the methanol steam reforming activity can be estimated from the DSC chart of the glassy alloy.
Conclusion
The steam reforming of methanol was carried out over a catalysts prepared from glassy Cu-Zr alloys with noble metals, such as platinum and rhodium to clarify the effect of the addition of noble metals on the catalytic activity. When the glassy Cu-Zr alloys with noble metals were treated at 973 K, that was a temperature higher than the crystallization temperature, the activity increased with the repetition of oxidation, hydrogen reduction and reforming sequences. The catalytic activity of the treated alloy increased with the increasing copper content and with the decreasing noble metal content.
Differential scanning calorimetry (DSC) revealed that the endothermic heat (ÁH g ) before the exothermic peak assigned to the crystallization and the range of supercooling temperatures (ÁT x ) of higher active alloy catalyst were larger than those of lower active alloys. These results indicate that platinum played an important role in increasing the copper dispersion. The methanol reforming activity can be decided from ÁH g and ÁT x obtained from the DSC chart. An attractive catalyst for the methanol steam reforming can be prepared from a glassy Cu-Zr alloy with a small amount of noble metals.
